ABSTRACT Background: Qualitative aspects of diet influence eating behavior, but the physiologic mechanisms for these calorie-independent effects remain speculative. Objective: We examined effects of the glycemic index (GI) on brain activity in the late postprandial period after a typical intermeal interval. Design: With the use of a randomized, blinded, crossover design, 12 overweight or obese men aged 18-35 y consumed high-and low-GI meals controlled for calories, macronutrients, and palatability on 2 occasions. The primary outcome was cerebral blood flow as a measure of resting brain activity, which was assessed by using arterial spin-labeling functional magnetic resonance imaging 4 h after test meals. We hypothesized that brain activity would be greater after the high-GI meal in prespecified regions involved in eating behavior, reward, and craving. Results: Incremental venous plasma glucose (2-h area under the curve) was 2.4-fold greater after the high-than the low-GI meal (P = 0.0001). Plasma glucose was lower (mean 6 SE: 4.7 6 0.14 compared with 5.3 6 0.16 mmol/L; P = 0.005) and reported hunger was greater (P = 0.04) 4 h after the high-than the low-GI meal. At this time, the high-GI meal elicited greater brain activity centered in the right nucleus accumbens (a prespecified area; P = 0.0006 with adjustment for multiple comparisons) that spread to other areas of the right striatum and to the olfactory area. Conclusions: Compared with an isocaloric low-GI meal, a high-GI meal decreased plasma glucose, increased hunger, and selectively stimulated brain regions associated with reward and craving in the late postprandial period, which is a time with special significance to eating behavior at the next meal. This trial was registered at clinicaltrials.gov as NCT01064778.
INTRODUCTION
The mesolimbic dopaminergic system of the brain, which converges on the nucleus accumbens (part of the striatum), plays a central role in reward and craving, and this system appears to mediate hedonic food responses (1) (2) (3) . In rodent studies, extracellular concentrations of dopamine and its metabolites in the nucleus accumbens increased more after the consumption of highly palatable food than standard rodent feed pellets (4) . Furthermore, microinjections of opiate into the nucleus accumbens increased food intake and the reward value of food (5) . Clinical studies that used functional brain imaging have reported greater activation in the nucleus accumbens or other regions of the striatum in obese than lean individuals after they viewed or consumed palatable, high-calorie food (6) (7) (8) (9) (10) (11) . Of particular interest, striatal dopamine D 2 receptor availability was significantly lower in obese individuals than in nonobese matched controls (11) , which raised the possibility that overeating may compensate for low dopaminergic activity. However, these cross-sectional comparisons between groups of lean and obese people could not assess the causal direction.
Physiologic observations regarding the glycemic index (GI) 5 provide a mechanism for understanding how a specific dietary factor, other than palatability, might elicit food craving and overeating. The GI describes how carbohydrate-containing foods affect blood glucose in the postprandial state (12, 13) . As previously described in obese adolescents (13, 14) , the consumption of a high-compared with low-GI meal resulted in higher blood glucose and insulin in the early postprandial period (0-2 h), which were followed by lower blood glucose in the late postprandial period (3-5 h) . The decrease in blood glucose, which often falls below fasting concentrations by 4 h after a high-GI meal, may lead to excessive hunger, overeating, and a preference for foods that rapidly restore blood glucose to normal (ie, high GI) (15) (16) (17) , propagating cycles of overeating. Indeed, in a study of lean and obese adults, a mean insulininduced decrease in blood glucose concentrations from 4.9 to 3.7 mmol/L increased the food-stimulus activation of the striatum and desire for high-calorie foods (18) . To explore these mechanisms, we compared effects of high-and low-GI test meals controlled for calories, macronutrient contents, ingredient sources, and palatability during the late postprandial period by using functional brain imaging of reward circuitry implicated in food motivation and energy balance.
SUBJECTS AND METHODS
We conducted a randomized, blinded, crossover study in healthy overweight and obese young men and compared the effects of high-and low-GI test meals on 2 d separated by 2-8 wk. The primary outcome was cerebral blood flow as a measure of resting brain activity, which was determined by using arterial spin labeling (ASL) fMRI 4 h after the test meal. We hypothesized that the high-GI meal would increase the activity in the striatum, hypothalamus, amygdala, hippocampus, cingulate, orbitofrontal cortex, and insular cortex, which are brain regions involved in eating behavior, reward, and addiction (6) (7) (8) (9) (10) (11) . Secondary endpoints included plasma glucose, serum insulin, and reported hunger throughout the 5-h postprandial period. The palatability of the test meals was also assessed by using a 10-cm visual analog scale (VAS). Statistical treatments included the prespecification of brain regions of interest and correction for multiple comparisons. The protocol was conducted at and received ethical review from the Beth Israel Deaconess Medical Center (Boston, MA). The trial was registered at clinicaltrials. gov as NCT01064778, and participants provided written informed consent. Data were collected between 24 April 2010 and 25 February 2011.
Participants
Participants were recruited with fliers and posters distributed in the Boston metropolitan area and Internet listings. Inclusion criteria were male sex, age between 18 and 35 y, and BMI (in kg/m 2 ) $25. Women were not included in this initial study to avoid the confounding that might have arisen from the menstrual cycle (19) . Exclusion criteria were any major medical problem, use of a medication that affected appetite or body weight, smoking or recreational drug use, high levels of physical activity, current participation in a weight-loss program or change in body weight .5% in the preceding 6 mo, allergies to or intolerance of test meals, and any contraindication to the MRI procedure [eg, contraindicated metallic implants, weight .300 lb (136 kg)]. Eligibility was assessed by telephone screening followed by an in-person evaluation session. At the evaluation session, we obtained anthropometric measures and conducted an oral glucose tolerance test. In addition, participants sampled test meals and underwent an MRI sequence to ascertain ability to tolerate the procedure.
Enrolled participants were entered sequentially onto a list of random assignments (prepared by the Clinical Research Center at Boston Children's Hospital) for the order of test meals by using randomly permuted blocks of 4. Liquid test meals were supplied to participants by study staff in paper cups. Both test meals had a similar appearance, smell, and taste. All participants and research staff involved in data collection were masked to the intervention sequence. Participants received $250 for completing the protocol.
Test meals
Test meals were modified from Botero et al (20) to achieve similar sweetness and palatability in taste tests that involved study staff. As shown in Table 1 , both test meals were composed of similar ingredients and had the same macronutrient distribution (ProNutra Software, version 3.3.0.10; Viocare Technologies Inc). The predicted GI of the high-and low-GI test meals were 84% and 37%, respectively, by using glucose as the reference standard. The calorie content of test meals was individually determined to provide each participant with 25% of daily energy requirements on the basis of an estimate of resting energy expenditure (21) and an activity factor of 1.2.
Procedures
At the evaluation session, height and weight were measured, baseline descriptive data (including self-reported ethnicity and race) were collected, and serum thyroid-stimulating hormone (to screen for hypothyroidism) was obtained. Participants received a 75-g oral glucose tolerance test (beverage 10-O-75; Azer Scientific) with the sampling of plasma glucose and serum insulin at 0, 30, 60, 90, and 120 min.
Test sessions were separated by 2-8 wk. Participants were instructed to avoid changes in habitual diet and physical activity level for 2 d before each test session and maintain body weight within 2.5% of baseline throughout the study. Participants arrived for both test sessions between 0800 and 0930 having fasted $12 h and abstained from alcohol since the previous evening. At the beginning of each session, interval health was assessed, the duration of fast was confirmed, and weight and blood pressure were measured. A 20-gauge intravenous catheter was placed for serial blood sampling. After a 30-min acclimatization period, the randomly determined test meal was consumed in its entirety within 5 min. Blood samples and hunger ratings were obtained before and every 30 min after the start of the test meal during the 5-h postprandial period. We were unable to use a metallic hand-warming device to arterialize venous blood near the fMRI machine, and the stress involved in repeated finger sticks for capillary blood could have confounded the primary study outcome. The use of venous blood could have caused an error in the measurement of arterial blood glucose concentrations above and below fasting concentrations, especially for the high-GI meal, which comprised a study limitation (22) . Palatability was assessed after completion of the test meal, and neuroimaging was performed after 4 h.
Measurements
Weight was measured in a hospital gown and light undergarments with a calibrated electronic scale (Scaletronix). Height was measured with a calibrated stadiometer (Holtman Ltd). BMI was calculated by dividing weight in kilograms by the square of height in meters. Blood pressure was obtained with an automated system (IntelliVue monitor; Phillips Healthcare) with the participant seated quietly for 5 min. Plasma glucose and thyroid-stimulating hormone were measured with Clinical Laboratory Improvement Amendments-approved methods (Labcorp). Serum was prepared by centrifugation and stored at 2808C for the measurement of insulin in one batch at the end of the study (Harvard Catalyst Central Laboratory).
Palatability was assessed with the question "How tasty was this meal?" Participants were instructed to make a vertical mark on a 10-cm VAS with verbal anchors that ranged from "not at all tasty" (0 cm) to "extremely tasty" (10 cm). Hunger was assessed similarly, with the question "How hungry are you right now?" and verbal anchors that ranged from "not hungry at all" to "extremely hungry" (14) .
Neuroimaging was performed at 4 h after the test meal, when the blood glucose nadir after the high-GI meal was expected (14) , by using a GE 3Tesla whole-body scanner (GE Healthcare). Cerebral blood flow was determined by using ASL, which is an MRI-based method that uses externally applied magnetic fields to transiently label inflowing arterial blood water for use as a diffusible tracer. A 3-plane localizer scan was obtained, followed by a T1-weighted dataset for anatomic correlation (Modified Driven Equilibrium Fourier Transform) (23) , with a repetition time of 7.9 ms, echo time of 3.2 ms, 32-kHz bandwidth coronal acquisition plane, 24 3 19 field of view, 1-mm in-plane resolution, and 1.6-mm slices. The preparation time was 1100 ms with repeated saturation at the beginning of the preparation period and an adiabatic inversion pulse 500 ms before imaging. After these sequences, an ASL scan was obtained following previously described methods (24) . The sequence used pseudocontinuous labeling with background suppression to minimize motion artifacts, a 3-dimensional multishot stack of spiral imaging, an image resolution of 3.8 mm in plane, and forty-four 4-mm slices per single volume. Pseudocontinuous (25) was performed 1 cm below the base of the cerebellum (4 averages of label and control and 2 unsuppressed images for cerebral blood flow quantification were acquired). Cerebral blood flow was quantified with customized software as previously reported (24) (25) (26) .
Statistical analyses
The study was designed to provide 80% power by using a 5% type I error rate to detect a difference in cerebral blood flow of 11.8%, assuming a sample size of 12 participants, residual SD of 11% for a single measurement, and intrasubject correlation of 0.6. The attained sample of 11 participants with useable data provided 80% power to detect a difference of 12.4%, with all other assumptions remaining.
Analyses of neuroimaging data were performed within the Statistical Parametric Mapping statistical image analysis environment (SPM5; Wellcome Department of Cognitive Neurology). Cerebral blood flow images were realigned to the first image and transformed to a standard anatomic space (Montreal Neurologic Institute/International Consortium for Brain Mapping) (27) by using the registration variables derived from the SPM5 Normalization algorithm. Images were smoothed with an 8-mm full width at half maximum kernel in preparation for the statistical analysis.
We examined stereotactic space by using templates within the WFU Pickatlas toolkit (28) . Of a total 334 nonredundant anatomic regions throughout the brain, prespecified areas of interest encompassed 25 separate regions (see Supplemental Table 1 under "Supplemental data" in the online issue). To test our primary hypothesis, we compared the difference in mean regional blood flow (high-GI meal minus low-GI meal) by using paired, 2-tailed t tests adjusted for order effect and with Bonferroni correction for multiple comparisons (raw P value multiplied by 25). To depict the spatial distribution of cerebral blood flow differences, we conducted a voxel-by-voxel analysis by using algorithms of the general linear model (29) and a statistical threshold of P # 0.002.
Incremental AUCs for plasma glucose (0-2 h), serum insulin (0-2 h), and hunger (0-5 h) were calculated by using the trapezoidal method. These areas and values for these outcomes at 4 h (the prespecified time point of primary interest) were analyzed for the test meal effect by using a 2-sided, paired t test with SAS software (version 9.2; SAS Institute Inc). Adjustment for the order effect did not materially affect these outcomes. To examine the relation between physiologic variables and brain activation, general linear model analyses were performed with blood flow in the right nucleus accumbens as a dependent variable and the participant number and respective metabolic variables as independent variables. Data are presented as means and, where indicated, SEs.
RESULTS

Study participants
Of 89 individuals screened, we enrolled 13 men, with 1 dropout before administration of the first test meal (Figure 1) . The remaining 12 participants included 2 Hispanics, 3 nonHispanic blacks, and 7 non-Hispanic whites. The mean age was EFFECTS OF GLYCEMIC INDEX ON THE BRAIN 29.1 y (range: 20-35 y), BMI was 32.9 (range: 26-41), fasting plasma glucose concentration was 4.9 mmol/L (range: 3.6-6.2 mmol/L), and fasting insulin concentration was 10.3 mU/mL (range: 0.8-25.5 mU/mL). Imaging data for one participant were incomplete because of a data-storage error; the other participants completed the protocol uneventfully.
Subjective and biochemical responses to test meals
The palatability of high-and low-GI test meals did not differ according to responses on the 10-cm VAS (5.5 6 0.67 compared with 5.3 6 0.65 cm, respectively; P = 0.7). Consistent with the predicted GI (Table 1) , the incremental 2-h AUC for glucose was 2.4-fold greater after the high-than low-GI test meal (2.9 6 0.36 compared with 1.2 6 0.27 mmol $ h/L, respectively; P = 0.0001) (Figure 2) . The incremental 2-h AUC for insulin (127.1 6 18.1 compared with 72.8 6 9.78 mU $ h/mL; P = 0.003) and incremental 5-h AUC for hunger (0.45 6 2.75 compared with 25.2 6 3.73 cm $ h; P = 0.04) were also greater after the high-than low-GI test meal, respectively. At 4 h into the postprandial period, the blood glucose concentration was lower (4.7 6 0.14 compared with 5.3 6 0.16 mmol/L, P = 0.005), and the change in hunger from baseline was greater (1.65 6 0.79 compared with 20.01 cm 6 0.92; P = 0.04) after the high-than low-GI test meal, respectively.
Brain imaging
Cerebral blood flow was greater 4 h after the high-than low-GI meal in the right nucleus accumbens (mean difference: 4.4 6 0.56 mL $ 100 g 21 $ min
21
; range: 2.1-7.3 mL $ 100 g 21 $ min 21 ; an 8.2% relative difference). This difference remained significant after Bonferroni correction for the 25 prespecified anatomic regions of interest (P = 0.0006) and after correction for all 334 nonredundant brain regions (P = 0.009). An image-based analysis showed a single region in the right nucleus accumbens at Montreal Neurologic Institute/International Consortium for Brain Mapping coordinates 8, 8, 210 (peak t = 9.34) and another local maximum at coordinates 12, 12, 2 (t = 5.16), which spread to other areas of the right striatum (caudate, putamen, and globus pallidus) and olfactory area (Figure 3) . We did not observe differences in the contralateral striatum or other prespecified regions of interest.
The relation between metabolic variables and blood flow in the right nucleus accumbens is shown in Table 2 . All variables related to plasma glucose, serum insulin, and hunger were significantly related to blood flow in the right nucleus accumbens, whereas the palatability of meals was not. 
DISCUSSION
Food intake is regulated by hedonic and homeostatic systems (3) that historically served to maintain mean BMI within a healthy range under widely varying environmental conditions. However, coincident with the obesity epidemic, the food supply has changed radically, with the rapidly increasing consumption of highly processed food products derived primarily from grain commodities. As a consequence, the glycemic load (the multiplicative product of GI and carbohydrate amount) (30) of the US diet has risen substantially in the past half century, and this secular trend may adversely affect both systems that regulate food intake. The decline in blood glucose (and other metabolic fuels) (13, 14) in the late postprandial period after a high-GI meal would not only constitute a powerful homeostatic hunger signal (15) but also increase the hedonic value of food through striatal activation (18) . This combination of physiologic events may foster food cravings with a special preference for high-GI carbohydrates (16, 17) , thereby propagating cycles of overeating. In addition, the recurrent activation of the striatum may downregulate dopamine receptor availability and further heighten the drive to overeat (11) .
This study had several strengths. First, we used ASL, which is a novel imaging technique that provides a quantitative measure of cerebral blood flow. The conventional method (blood oxygenation level-dependent fMRI) assesses acute changes in brain activity, not absolute differences, which typically limits observations to a few minutes after a physiologic perturbation. With ASL, we were able to examine persistent effects of test meals without superimposed stimuli (eg, pictures of high-calorie foods). Second, we used a crossover intervention rather than a cross-sectional comparison between groups (eg, lean compared with obese), which provided increased statistical power and evidence for causal direction. Third, we focused on a specific dietary factor by controlling for calorie content, macronutrient composition, ingredient sources, and food form, instead of comparing grossly different foods (eg, cheesecake compared with vegetables) (6, 10, 31, 32) . Fourth, the 2 test meals were designed and documented to have a similar palatability, which helped to disentangle metabolic effects from immediate hedonic responses. Fifth, we examined the late postprandial period, which is a time with special significance to eating behavior at the next meal. Previous studies have typically limited the duration of observation to #1 h after food consumption, when glucose absorption peaks and a high-GI meal may transiently appear to provide benefits to brain function (33) . Sixth, we used mixed meals with a macronutrient composition and dietary glycemic load within prevailing ranges. Thus, the findings have relevance to high-GI breakfasts commonly consumed in the United States (eg, a bagel and fat-free cream cheese) (12) .
Main study limitations included the small size and an exclusive focus on overweight and obese men. Small studies limit generalizability and increase risk of a false-negative (but not falsepositive) finding. Our study, despite its size, had robust power to test the a priori hypothesis with adjustment for multiple comparisons. Additional studies with lean control subjects, women, and obese individuals pre-and post-weight loss would be informative. We did not assess hedonic responses to the meals or food cravings directly, and therefore, we could not explore the relation between these subjective values and brain activation. In addition, the liquid form of the test meals limited the generalizability of findings to solid meals.
Several other interpretive issues warrant consideration. We did not anticipate an effect of the GI on the brain limited to the right hemisphere, although laterality has been previously implicated in neurobehavioral disorders that involve reward circuitry. Indeed, a study that compared insulin-sensitive compared with insulinresistant men showed a differential effect of systemic insulin administration on glucose metabolism for the right, but not left, ventral striatum (34) . We also did not observe differences in other prespecified brain regions, either because our study lacked power to see less robust effects or because such effects did not occur at the 4-h time point. Nevertheless, the chemical manipulation of the nucleus accumbens in rats resulted in the stimulation of orexigenic neurons and inhibition of anorexigenic neurons in the hypothalamus (35) , which illustrated the influence of the striatum on other brain areas involved in feeding.
Beyond reward and craving, the nucleus accumbens is crucially involved in substance abuse and dependence (36) (37) (38) , FIGURE 3 . Regions with significantly different cerebral blood flow 4 h after test meals (P # 0.002). The color scale represents the value of the t statistic for the comparison between meals (n = 11) by using general linear model analyses as described in Subjects and Methods. For all areas depicted, the blood flow was greater after the high-than after the low-GI meal. GI, glycemic index. raising the question as to whether certain foods might be addictive. Indeed, the notion of food addiction has received extensive popular attention through diet books and anecdotal reports and is increasingly the subject of scholarly investigation. Recent studies that used the conventional blood oxygenation level-dependent fMRI have shown selective overactivity in the nucleus accumbens and related brain areas in obese compared with lean individuals when shown imagines of highly palatable food (6) (7) (8) (9) (10) (11) and in subjects who scored high on a measure of food addiction (39) . However, it might be argued that this pleasure response involving food does not fundamentally differ from the enjoyment of a golfer viewing pictures of a putting green or an audiophile hearing beautiful music (40) . In contrast to previous research, our study used test meals of similar palatability and ASL methods to examine unstimulated brain activity after 4 h. Nevertheless, the validity of the concept of food addiction remains vigorously debated (41) (42) (43) (44) (45) (46) (47) . Unlike drugs of abuse, food is necessary for survival, and some individuals can habitually consume large amounts of high-GI (and high-calorie, highly processed) food products with no apparent adverse physical or psychological consequences. Thus, the application of the concept of addiction to food warrants additional mechanistically-oriented interventional and observational study.
In conclusion, we showed that the consumption of a highcompared with a low-GI test meal increased the activity in brain regions related to food intake, reward, and craving in the late postprandial period, which was coincident with lower blood glucose and greater hunger. These neurophysiologic findings, together with longer feeding studies of weight-loss maintenance (48, 49) , suggest that a reduced consumption of high-GI carbohydrates (specifically, highly processed grain products, potatoes, and concentrated sugar) may ameliorate overeating and facilitate maintenance of a healthy weight in overweight and obese individuals.
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